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Abstract 
 
Most of the hydrocarbon reserves in the world are stored in naturally fractured reservoirs (NFR). Characterizing NFR is 
challenging, due to their highly heterogeneous nature. The degree of heterogeneity and the resultant effect on fluid flow 
depends on the scale of measurement of the reservoir properties, such as fracture intensity, size, orientation and aperture, 
which can present further challenges to modelling and simulation of NFR. Well test analysis is one of the main tools used to 
characterize NFR and in this analysis Warren and Root’s (1963) dual porosity model is mostly used to interpret transient 
pressure tests from these kinds of reservoirs. 
The objective of the present study is to quantify thresholds of certain geological parameters that mostly affect the 
pressure responses from well tests in which dual porosity behaviour can be exhibited. An overview of Warren and Root’s 
(1963) dual porosity model is presented, along with a description of how it was modelled in order to understand fluid flow in 
NFR. A discrete fracture network (DFN) reservoir model, which consisted of several different fracture networks stochastically 
generated, with a high contrast in characteristics between the fractures and the matrix approach, was utilized to model dual 
porosity reservoirs and investigate the effects of different fracture and matrix parameters. The threshold would help to identify 
and analyse dual porosity behaviour properly. Moreover, it could be utilized in modelling NFR as a general reference to define 
some of the fracture network and matrix properties. The results indicate that with two sets of semi-orthogonal fracture sets, as 
long as a fracture network can be formed with good connectivity and sufficient contrast in permeability and storage between 
the fractures and the matrix, dual porosity behaviour would most likely be exhibited in the middle time period of the test. 
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Abstract 
Most of the hydrocarbon reserves in the world are stored in naturally fractured reservoirs (NFR). Characterizing NFR is 
challenging, due to their highly heterogeneous nature. The degree of heterogeneity and the resultant effect on fluid flow 
depends on the scale of measurement of the reservoir properties, such as fracture intensity, size, orientation and aperture, 
which can present further challenges to modelling and simulation of NFR. Well test analysis is one of the main tools used to 
characterize NFR and in this analysis Warren and Root’s (1963) dual porosity model is mostly used to interpret transient 
pressure tests from these kinds of reservoirs. 
The objective of the present study is to quantify thresholds of certain geological parameters that mostly affect the 
pressure responses from well tests in which dual porosity behaviour can be exhibited. An overview of Warren and Root’s 
(1963) dual porosity model is presented, along with a description of how it was modelled in order to understand fluid flow in 
NFR. A discrete fracture network (DFN) reservoir model, which consisted of several different fracture networks stochastically 
generated, with a high contrast in characteristics between the fractures and the matrix approach, was utilized to model dual 
porosity reservoirs and investigate the effects of different fracture and matrix parameters. The threshold would help to identify 
and analyse dual porosity behaviour properly. Moreover, it could be utilized in modelling NFR as a general reference to define 
some of the fracture network and matrix properties. The results indicate that with two sets of semi-orthogonal fracture sets, as 
long as a fracture network can be formed with good connectivity and sufficient contrast in permeability and storage between 
the fractures and the matrix, dual porosity behaviour would most likely be exhibited in the middle time period of the test. 
Introduction 
Naturally fractured reservoirs are considered to be extremely challenging in terms of their characterization and predictions of 
their performance, due to their complexity and heterogeneity. The degree of complexity depends on the different types and 
sizes of fractures within the reservoir: they can range in size from the micro scale to fractures that are kilometres long. 
Fractures can be defined as ‘mechanical breaks in rocks involving discontinuities in displacement across surfaces or narrow 
zones’ according to the Committee on Fracture Characterization and Fluid Flow (1996). A fracture can be described as: ‘a 
structure defined by two surfaces or a zone across which a displacement discontinuity occurs’ (Aydin, 2000). There are two 
main types of fracture, ‘a brittle failure’, denoting a shear failure where the rock moves parallel to the fracture, which causes 
faults, and, ‘a tensile failure’ where the rock moves normally to the fracture, which causes fractures. Generally, both faults and 
natural fractures are considered to be fractures.  
Fractures play major role in the flow of fluid through rock masses by building different types of connected fracture 
networks. The causes of the forces and stresses that result in the folding, faulting and fracturing of different structures are 
mainly thermal and gravitational movements within the Earth’s crust and mantle (Price and Cosgrove, 1990). The Earth’s crust 
is generally in a compressive state of stress; however, tensile failure may occur mainly due to high fluid pressure within the 
rock (Cosgrove, 1995). In general, tensile fractures can form parallel to the maximum principal compressive stress and so they 
would open in the direction of the minimum principal stress; however, as fluid pressure increases during burial, this opposes 
the maximum principle stress, thus, the overburden pressure becomes reduced (Cosgrove, 1995). This could result in the 
differential stress between the maximum and minimum stresses approaching zero and so randomly oriented fractures would 
form (Cosgrove, 1995). A single occurrence of a deformation would generate a set of fractures in the same direction; but most 
rocks experience several stress regimes during burial, which cause several sets of fractures to be generated and imposed on one 
another (Cosgrove, 2005). As a consequence, fracture networks form, which could affect fluid flow in many ways. 
Fractures can form high-permeability corridors or networks, act as barriers to flow or create settings for mineral 
precipitation or dissolution (Leckenby, 2007). Depending on several fracture properties, such as intensity, length, aperture and 
permeability, the connectivity of the fracture networks created can be affected and either increased or decreased. Once a 
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fracture network is formed, the style of connectivity could change from being channelled, where some of the fractures are 
connected forming channels like pathways, to being pervasive, where most fractures are connected forming a secondary 
medium for fluids to flow through (Jolly and Cosgrove, 2003). Although fractures vary spatially and temporally in scale, 
fractured reservoirs have at least two scales of permeability: fracture and matrix. 
Characterizing NFR has become significant for understanding fluid flow and movement within the reservoir and 
enhancing further productivity and hydrocarbon recoveries. One of the main reservoir characterization tools, along with 
seismic and geological data, is pressure-test analysis. This is where a pressure response is acquired from the wells in the 
reservoir and analysed to identify different behaviours, based on changes in the pressure signal. About 50 years ago, Warren 
and root (1963) developed the first practical dual porosity model to characterize naturally fractured reservoirs by lumping all 
the fracture characteristic into one medium and the matrix characteristic into another one. Since its development, their model 
has been widely used to characterize NFR. However, an analytical solution was never explicitly developed for NFR until the 
late 1980s when advanced modelling techniques became available and a new approach was developed using a generic matrix 
block for the fracture segment or what we call discrete fracture network model. Nonetheless, many field well tests from 
naturally fractured reservoirs do not exhibit the Warren and Root (1963) dual porosity behaviour which led to a lot of 
controversy and debates about whether the dual porosity behaviour actually exist in reality and weather it can be used to 
characterize NFR. Thus and in an attempt to clarify this controversy, it is the objective of this thesis to define the window at 
which the dual porosity can actually exist using DFN approach and to quantify thresholds of certain geological parameters that 
mostly affect the pressure responses from well tests at which dual porosity behaviour can be exhibited. 
In the present study, Warren and Root’s (1963) dual-porosity model and its development will be discussed. Also, 
several numerical models for dual-porosity using DFN to investigate the behaviour and define the effect of different fracture 
and matrix parameters on the dual porosity model will be presented. A description and validation of all the model approaches 
will be provided, along with a survey of all the parameters that affect dual porosity behaviour. Finally, a threshold for when 
dual porosity can be observed will be identified and presented, together with a brief uncertainty analysis and the limitations of 
the study. 
Literature review 
Over the past 60 years, well test analysis of NFR has become increasingly advanced and it is now one of the most important 
reservoir characterization tools used in the petroleum industry. Barenblatt et al. (1960) were the first to present a detailed 
discussion of radial flow of a slightly compressible fluid through NFR. Later, Warren and Root (1963) developed a dual-
porosity analytical model using a similar approach to Barenblatt’s, which assumed that flow occurs only in the fracture 
medium under psedosteady-state flow conditions. Several extensions and improvements to the dual-porosity model were 
implemented afterwards, including those by Kazemi (1969), who was the first to consider unsteady state matrix flow. Bourdet 
and Gringarten (1980) developed a new type of curve for identification of flow periods and the estimation of different flow 
parameters, including dual porosity parameters. In 1989, Bourdet et al. presented the use of pressure derivatives in interpreting 
pressure-test data and defined flow regimes by changes of the slope in the derivative. The dual porosity characteristic in the 
derivative was then introduced, which refers to two stabilizations with a dip in between. 
Dual-porosity model 
Barenblatt et al. (1960) developed the dual porosity model in order to characterize NFR by lumping together and 
homogenizing all fracture properties as one medium and the matrix as another medium. Expanding on the classical seepage 
theory, Barenblatt et al. proposed two fluid pressures: (p1) represents the average pressure of fluid in fractures and (p2) 
represents the fluid pressure in pores. Similarly, Warren and Root developed an analytical solution for dual porosity where the 
fracture medium has high permeability and low storage while the matrix medium has high storage and low flow capacity 
(Warren and Root, 1963). Warren and Root defined two parameters to describe matrix-fracture flow: ω is the storativity ratio 
of the most permeable medium to the total reservoir and λ is the interporosity flow coefficient as: 
𝜔 =  
(∅𝑉𝐶𝑡)𝑓
(∅𝑉𝐶𝑡)𝑓+𝑚
  
𝜆 =  𝛼 𝑟𝑤
2  
𝑘𝑚
𝑘𝑓
   
Where the subscripts 𝑓 and 𝑚 refer to fractures and matrix, respectively, 𝛼 is a geometrical characteristic of the system, 𝑟𝑤 is 
the wellbore radius, V is the ratio of the volume of one medium to the total bulk volume and Ct is the total compressibility of 
one medium. Basically, Warren and Root defined these parameters in order to characterize and quantify deviation from 
homogeneous behaviour. Their dual porosity model exhibits two parallel lines on a semi-log plot and a transition region in 
between them (Warren and Root, 1963). The first radial flow (semi-log straight line) reflects the flow from the fractured 
system and the second radial flow (semi-log straight line parallel to the first one) reflects a combination of fracture and matrix 
flow (Fig. 1). The slopes of the semi-log straight line provide the transmissivity of the fracture network. The first semi-log 
straight line however may not appear due to early time effects of skin and multiphase flow. 
(1) 
(2) 
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Fig. 1- Straight line analysis of drawdown test in a dual-porosity reservoir (Warren and Root, 1963), two parallel straight lines. 
 
Kazemi (1969) presented a layered reservoir numerical model with an unsteady-state interporosity solution, which 
behaved similarly to Warren and Root’s (1963) model except for the transition period (Bourdet and Gringarten, 1980) (Fig. 2). 
Later, Mavor and Cinco-Ley (1979) extended Warren and Root’s (1963) model to include wellbore storage and skin effects. 
Cinco et al. (1985) included interporosity skin on the matrix-fracture flow plane, which can characterize calcite deposits or any 
formation damage over the matrix blocks, assuming it is uniform across the network (Kuchuk and Biryukov, 2014). Dual 
porosity behaviour can be distinguished in the derivative by two stabilizations and with a dip in the middle period. In most 
cases, however, the first stabilization will not be seen due to the wellbore storage and skin effects early on (Fig. 3). 
 
Fig. 2- Representation of naturally fractured reservoirs: (a) actual reservoir, (b) the Warren and Root (1963) model, and (c) the Kazemi 
(1969) model (from Kuchuk and Biryukov, 2013). 
 
Fig. 3- Draw down test (pressure change and derivative) in dual-porosity rectangular reservoir with wellbore storage and skin. 
Doe et al. (1990) presented dual porosity concepts from continuum flow analysis to discrete fracture flow analysis; a 
discrete fracture flow model using a generic matrix block for the fracture segment was also developed (Doe et al., 1990). 
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Kuchuk and Biryukov (2012) developed a semi-analytical solution for fracture networks. In 2013, Marmoljeo using DFN 
approach defined the parameters that mostly effect the pressure response in the middle time. In the present paper and as an 
extension to the previous work done by Marmoljeo, the dual porosity model using a DFN will be investigated and a threshold 
to quantify where dual porosity can be exhibited will be developed. 
Methodology 
Several approaches to modelling dual porosity behaviour in NFR were used in an attempt to assess and best represent the 
behaviour using DFN. The first two models were created as a basis for modelling and matching numerical with analytical 
solutions. The other two approaches are more realistic and were used for the present study. The four main methods are 
outlined below. FracMan® software, which allows for the integration of geological, geophysical, and well-test data into a 
single quantitative discrete fracture network model, was utilized for the purposes of this study. 
Proposed models and selection 
1. Two orthogonal sets of fractures and DFN dual porosity: 
Two sets of orthogonal, equally spaced fractures were generated and one-dimensional flow into each finite element was 
generated using a DFN dual porosity function (Doe et al., 1990). The one-dimensional flow represents flow from the matrix 
into the fracture network. This approach represents the very basic approach to modelling dual porosity behaviour. It is 
effective as long as matrix permeability is very low and there is only flow from the matrix into fractures and no flow within the 
matrix (Doe et al., 2013). One of the main limitations of this approach is not being able to control storage in the matrix and the 
contrast between matrix permeability and fracture permeability has to be higher than five orders of magnitude, otherwise it is 
unrealistic as there will be no flow within the matrix (Fig. 4 and 5). See Appendix A for model specifications and well test 
analysis.  
 
Fig. 4- Model 1 pressure snapshot at elapsed time of 1000 hrs. 
 
  
Fig. 5- Drawdown pressure change and derivative response from model 1. 
 
2. Two orthogonal sets of fractures and fracture matrix: 
Two sets of orthogonal and equally spaced fractures were generated with one horizontal fracture as the matrix. Using this 
approach, the storage and permeability of both matrix and fractures can be controlled. As the fractures are long and 
continuous, they act as another homogenous medium, which contributes directly to the well. Thus, the simulated pressure 
response from this model exhibits a composite like behaviour response and it can be matched with radial composite analytical 
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solutions. This kind of behaviour will be discussed further in the results section. As can be seen from Fig. 6 and 7, even 
though the well is intersecting a fracture, high conductivity behaviour early on is not seen. The fracture is part of the network 
and thus flow is seen as being contributed to by one medium, whereas in the previous approach, flow from the fracture is seen 
first and then flow from the matrix into the fracture appears; this is because flow into fractures is modelled separately as being 
one-dimensional for each finite element of a fracture. See Appendix B for model specifications and well test analysis.  
 
 
Fig. 6: Model 2 pressure snapshot at elapsed time of 1000 hrs. 
 
Fig. 7- Drawdown pressure change and derivative response from model 2. 
 
3. Two semi orthogonal fracture sets with fracture matrix: 
This model is more realistic than the previous two models, as it involves fractures being randomly created and not equally 
spaced, using the Fisher distribution (FracMan, 2011). However, all the vertical fractures have the same properties. The matrix 
is represented as an equivalent horizontal fracture with an aperture and permeability giving the pore volume and flow capacity 
as the matrix layer (Doe, et al., 2013). The aperture of the matrix is the porosity multiplied by the reservoir thickness, which 
gives the matrix fracture the same volume as the matrix it represents (Fig. 8). Fig. 9 shows the well test analysis. See 
Appendix D for model specifications.   
 
Fig. 8- Model 3 pressure snapshot at elapsed time of 10 hrs. 
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Fig. 9: Model 3 pressure drawdown simulation and its match (in red) with wellbore storage and skin dual porosity model 
4. Four sets of fractures;  two large sets as fractures and two smaller sets as the matrix: 
This approach uses smaller, higher intensity fractures as the matrix and the larger, lower intensity fractures as the fractures. 
Smaller sets have lower permeability and higher apertures, whereas larger sets have higher permeability and smaller apertures 
representing the fractures. This model is more realistic than all the previous models mentioned and it best represents the 
system. The fracture orientation and size are distributed more randomly and the matrix is better represented with a lot of small 
and more heterogeneous fractures (Fig. 10). Refer to Appendix C for model specifications and well test analysis. 
 
Fig. 10- Model 4 cross-section 
The first two models served as basic models and were used for initial analysis and the matching of numerical with 
analytical solutions. The fourth model was eliminated due to limitations on controlling fluid storage and flow for small fracture 
sets when intensity is low. Thus, the third modelling approach was chosen for the present study, as it is able to provide the 
most important factors: controlling storage and flow capacity of both fractures and matrix and the flexibility to investigate dual 
porosity behaviour. Highly contrasting permeability and storage between the matrix fracture and the fracture network are 
essential to have dual porosity behaviour (Warren and Root, 1963). Also, the fracture network has to be well connected and 
acts as a secondary medium with high permeability and low fluid storage (fissured). The matrix fracture was modelled as one 
horizontal fracture with uniform permeability and storage. 
Model validation 
The model used for all simulations in this study has a 15-m thick square reservoir with side length of 400 m and was 
constructed using Farman®. The well was totally perforated, fully penetrating the reservoir and located in the centre. The 
reservoir consisted of two semi-orthogonal fracture sets oriented NE-SW and NW-SE, with a single fracture intersecting the 
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well to ensure that the well was always connected to the fracture network. Table 1 lists all reservoir and fluid (oil) properties 
used for all simulation runs. 
Table 1- Reservoir and Fluid properties. 
Property  Value 
Model dimensions (m)  400 × 400 × 15  
h (m)  15 
Fracture ct   (1/psi)  1E-5 
Matrix ct      (1/psi)  1E-6 
μo  (cp) 
ρ (kg/m3) 
 1.5 
800 
rw (m)  0.1 
P0     (psia)  1000 
Bo    (rob/stb)  1 
q     (Stbd)  600 
Skin, non-dimensional  0 
 
To validate the model approach used (model number three), an assessment was made to match the numerical and 
analytical solution for both homogeneous and dual porosity behaviours. A homogenous model, where the parameters of the 
fractures and matrix were the same with high fracture intensity, was constructed along with a simulated well test. Also using 
the same model, a dual porosity model with a simulated well test by varying fracture and matrix parameters was constructed to 
be analysed as examples in detail. Analysis began with the homogenous model and the data were matched with wellbore 
storage and skin, homogeneous and closed reservoir models (Fig. 11). Table 2 lists the matched parameters. Refer to 
Appendix D for model specifications. 
 
Fig. 11- Model 3 pressure drawdown simulation and its match (in red) with wellbore storage and skin homogeneous model. 
 
Table 2- Match of Numerical and analytical parameters (Homogeneous). 
Model Parameters 
  Numerical Analytical Difference % 
Reservoir k (md) 100 92.9 -7% 
Pi (psi) 1000 999.9 0% 
Kh (md.ft) 656 609.7 -7% 
C (bbl/psi) 0.0001 0.004678 Higher than 10 % 
S (dimensionless) 0 0.01 0% 
D1 (m) 200 221 11% 
D2 (m) 200 175.3 -12% 
D3 (m) 200 215.7 8% 
D4 (m) 200 202.139 1% 
 
The dual porosity model was also matched with Warren and Root’s (1963) dual porosity analytical solution. Fig. 12 
shows the simulated well test along with this match. 
8   
 
Fig. 12- Model 3 pressure drawdown simulation and its match (in red) with wellbore storage and skin dual porosity model. 
 
Table 3- Match of Numerical and analytical parameters (Dual porosity). 
Model Parameters 
  Numerical Analytical Difference % 
Matrix k (md) 0.01   
Fracture k (md) 600 588.9  
Pi (psi) 1000 1000.129 0% 
Kh (md.ft) 5904 5796.3 -1.8% 
C (bbl/psi) 0.0001 0.01232 Higher than 10 % 
S (dimensionless) 0 -2.88  
D1 200 231.2 15.6% 
D2 200 220.3 10% 
D3 200 210.1 5% 
D4 200 190 -5% 
 
From these matches, it was noted that for the homogeneous model a match with a reasonable percentage difference was 
achieved except for with wellbore storage. Acceptable percentage differences were also achieved in the dual porosity model, 
except for skin and wellbore storage. The difference between the wellbore storage assigned to the well in the numerical 
models, as in Table 2 and 3, and in the analytical solution was the result of the volume of the fracture intersecting the well, 
which gave the wellbore a larger volume (Gringarten, 1984). Moreover, the skin value in the analytical solution of the dual 
porosity model was actually a pseudo skin of -2.88, which was the result of the dual porosity behaviour and not the actual well 
skin value. 
 
Parameters selection 
An assessment of most of the fracture and matrix parameters and properties was carried out to determine which were the most 
sensitive parameters affecting dual porosity behaviour in the pressure response. This assessment included a literature review 
and small sensitivity analysis. The parameters in the survey encompassed fracture and matrix compressibility, fracture and 
matrix permeability, fracture and matrix aperture, fracture size (equivalent radius), fracture orientation dispersion, fracture 
permeability anisotropy, and fracture intensity. The pressure response is more sensitive to fracture intensity, fracture size and 
fracture aperture (Marmoljeo, 2013). Also, fracture and matrix properties such as permeability and aperture significantly affect 
dual porosity behaviour. Hence, these parameters were chosen to be the most sensitive that affect dual porosity behaviour. 
Leckenby et al. (2007) investigated permeability and geometrical anisotropy effect on well test response and they concluded 
that with increased heterogeneity (by increasing anisotropy), the resultant connected network is smaller and thus effects of 
individual structures on pressure response get amplified. Consequently, well test behaviour exhibits different and varying flow 
regimes with high permeability and geometrical anisotropy. The compressibility contrast between fractures and matrix was 
investigated with one order of magnitude difference (fracture compressibility is normally higher than the matrix by one order 
of magnitude (Aguilera, 2003)) and there was minimal difference (Fig. 13). 
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Fig. 13- Compressibility contrast effect on the dual porosity behaviour. 
Based on this review, the following assumptions were implemented into this study: fracture orientation dispersion for 
the fracture was assumed to be uniform; all fractures in both sets had the same permeability assigned values (isotropic 
fractures); all fractures in the same set had the same aperture and compressibility properties; fracture size in each set was 
normally distributed, with a standard deviation of 10% of the mean; fracture orientation distribution used the Univariate Fisher 
distribution, which uses a probability density function (FracMan, 2011). This distribution creates semi-orthogonal vertical 
fractures with a maximum deviation of 10% from 90° between intersecting fractures from different sets. Also: the matrix was 
represented by one horizontal homogeneous fracture; the model was assumed to have single phase flow with one slightly 
compressible fluid; compressibility was constant for both fracture and matrix, and fracture compressibility was higher than the 
matrix compressibility by one order of magnitude. 
Experimental design 
An experimental design was created and then used as a starting point for quantifying the threshold at which dual porosity 
behaviour could be observed. The high and low limits of each parameter were determined realistically and based on limits 
derived from observed data for conventional reservoirs. Table 4 shows the limits for each parameter: 
 
Table 4: Fracture and matrix parameters limits. 
Experiment Matrix Design 
Factor Low High 
fracture intensity total (m
2
/m
3
) 0.05 0.95 
Kf (md) 1 700000 
Km (md)  0.001 1000 
Aperturef  (m) 0.01 6 
Aperturem (m) 0.15 6 
Fracture equivalent length (fraction) 0.05 0.4 
 
A fracture intensity of below 0.05 m
2
/m
3
 would not form a fracture network, thus no dual porosity can be exhibited 
even if fractures were very long (scattered fractures would result). If fracture intensity is higher than 0.95, the reservoir would 
be homogeneous, given the permeability contrast in the table. However, a higher permeability contrast could exhibit dual 
porosity, but it would be an unrealistic contrast. The matrix and fracture permeability ranges were chosen based on data 
available from conventional oil reservoirs. The higher limit for matrix permeability is 1000 md, as fracture permeability would 
have to be higher than 1000 Darcies to have a dual porosity contrast, which is not commonly found. Fracture and matrix lower 
limits were chosen to be the lowest for conventional reservoirs. In modelling the matrix, there is no specification for porosity. 
However, porosity values could be determined using the formula below:  
h ∗  ø =  aperture 
 
Thus, the corresponding porosities for the chosen apertures are 1% and 40% as the model thickness is 15 m. Also, 
fracture length is represented as a percentage of the side length of the reservoir. This is so that the threshold identified can be 
generalized to any model. So for the model used, 0.05 is 20 m, as the model side length is 400 m and 0.4 corresponds to 160 
m. An equivalent radius shorter than 0.05 in most cases would not form a network, even with 0.95 m
2
/m
3 
intensity; longer than 
0.4 length would most probably exhibit composite-like behaviour, as will be shown in the results. 
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As there are six parameters, 64 runs were initially required to examine the limits and effects of each parameter. The 
number of runs was determined using the formula 2
n
, where n is the number of factors or parameters (Christolear, 2013). In 
agreement with the previous discussion on the analytical solution for dual porosity, these runs proved that for dual porosity to 
be exhibited a large contrast in permeability and aperture between fractures and matrix is required. The matrix should have a 
low permeability and a high aperture, whereas fractures should have a high permeability and a low aperture. Also, a DFN with 
semi-homogeneous properties, which acts as a second medium, would cause dual porosity behaviour to be exhibited in the 
pressure response. See Appendix E for specifications of the 64 runs and the results. 
Based on the initial 64 runs, selected values within the assigned limits for each parameter were varied to cover all the 
different possibilities for all the parameters. Twelve tables (with 16 cases in each) were constructed to cover most of the range 
of each parameter, while keeping the other parameters constant. Each table has constant storage contrast and fracture 
equivalent radius. With the different fracture intensity values in one table, different permeability contrast values are assigned. 
Following this format, all the possibilities of matrix and fracture properties were covered for the selected values.  The selected 
values for each parameter are summarized in Table 5. Refer to Appendix F for the tables and results’ plots. 
 
Table 5: Selected parameter values. 
Fracture intensity 
(m
2
/m
3
) 
Permeability 
contrast (md) 
Fracture storage 
(%) 
Fracture length 
(fraction) 
0.1 10
2
 2% 0.05 
0.2 10
4
 20% 0.1 
0.4 10
6
 40% 0.2 
0.6 10
8
  0.3 
0.8    
 
Five values for fracture intensity were selected, ranging from 0.1 to 0.8 m
2
/m
3
. For permeability contrast, fracture 
permeability from at least two orders of magnitude up to eight orders of magnitude higher than matrix permeability was 
chosen to be varied with the other parameters. Fracture aperture was represented in terms of storage percentage out of the total 
porosity; for example 2% storage means that most of the storage is within the matrix and only 2% of the total fluid volume is 
stored in the fracture network, as a 0.003 m aperture value (using equation 3 and multiplying by the number of fractures) 
represents 2% porosity and a 5.7 m matrix aperture value is 38%, which is the remaining fluid volume in the model used. The 
range of storage contrast was chosen to vary from 2% storage in fractures to 40% storage. Fracture length values were chosen 
to be from 0.05 of the reservoir side length, which is 20 m to 0.3, which is 120 m.  
Results and Discussion 
More than 1000 simulation runs were completed to quantify and determine the threshold and dual porosity window. Fig. 14 
shows the results of the window when 2% of the fluids were stored in the fracture network, and most of the storage was in the 
matrix. As can be seen, at a low intensity of 0.2 to 0.4 and a moderate fracture length of 0.2 to 0.3, dual porosity behaviour 
would be mostly exhibited within the permeability contrast of at least two orders of magnitude. Moreover, at high intensity 
lower permeability contrast is required for dual porosity to be exhibited, due to a higher connectivity and contribution from the 
fracture network. At low fracture lengths of 0.05, the probability of forming a fracture network is less and thus dual porosity 
behaviour would not be seen as much. At a low intensity and short fracture length, higher permeability contrast was required 
to increase the contribution from the fractures. Furthermore, at higher fracture intensity of more than 0.8 and low fracture 
storage, medium to long fracture length of 0.2 to 0.3 is required for the dual porosity behaviour to be seen. This is due to low 
fracture network contribution to flow as it has low storage. 
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Fig. 14- Dual Porosity window at fracture storage of 2%. 
At higher fluid storage of 40% in the fracture network, fracture contribution to flow is higher and matrix to fracture 
flow is less (less matrix charge). As a result, more homogeneous like behaviour and less dual porosity behaviour would be 
exhibited in most cases.  Fig. 15 shows the dual porosity window at 40% fracture storage and it can be noted that the 
window got smaller and shifted to the left (towards less permeability contrast) as higher permeability contrast would make 
fracture contribution even higher and matrix contribution not seen. Moreover, as fracture contribution is higher, shorter 
fracture length is required for the dual porosity behaviour to be exhibited thus it can be seen in the plot that 0.05 cases are seen 
more. However, fracture lengths of more than 0.2 have higher connectivity and higher contribution and as a result the dual 
porosity behaviour would be exhibited at lower permeability contrast to have lower fracture contribution. Moreover, at higher 
than 0.8 m
2
/m
3 
fracture intensity and fracture storage of more than 40%  with fracture length of more than 0.3, a dual porosity 
behaviour in most cases would not be exhibited and composite like behaviour will be observed. Refer to Appendix G for dual 
porosity window plot at 20% fracture storage. 
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 Fig. 15- Dual Porosity window at fracture storage of 40%.  
 
Since all the parameters interact with one another and affect dual porosity behaviour responses in the pressure test, each 
parameter will be discussed below, in order to investigate its individual effect while other parameters were kept constant. 
Fracture intensity: 
Fracture intensity is the most effecting parameter, as it controls fracture connectivity. As fracture intensity increases, the 
connectivity increases, thus the fracture network’s contribution to flow increases until the network acts as another medium. As 
a result, a less channelized flow (more radial flow) will be exhibited and a homogeneous like behaviour can be observed (Wei, 
2000). This is especially true when intensity is higher than 0.6 with a high contrast between the permeability and aperture. This 
behaviour is due to the low contribution of the matrix as compared to the fractures so that it becomes masked and not seen. 
Fig. 16 shows how dual porosity behaviour appears and disappears as fracture intensity increases.  
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Fig. 16- Pressure change and derivative plot of different intensity values. 
Fracture equivalent length: 
Fracture network connectivity is also affected by fracture equivalent length. At short fracture lengths, the connectivity 
is less at the same fracture intensity and as fracture size increases, the network contributes more to the well. As a result, with a 
long fracture length of 50 % of the reservoir side length or longer, dual porosity behaviour vanishes and an apparent composite 
behaviour is observed. Long fractures would form a well-connected semi-homogenous network, which act as another medium 
and contribute directly to the well, hence the first stabilization as can be seen with 0.5 fracture length case in Fig. 17. A second 
stabilization is exhibited later, reflecting the contribution of the combination of the matrix and fracture to flow (Fig. 17).   
 
 
Fig. 17- Pressure change and derivative plots of different fracture lengths. 
Permeability contrast: 
At a low intensity of less than 0.4 m
2
/m
3
, dual porosity starts to appear at a contrast of 10
3 
md, and, as contrast 
increases the clearer the signature becomes. However, once the intensity is higher than 0.4 m
2
/m
3
, dual porosity behaviour 
disappears at high contrast as a result of the big contribution from the network as compared to the matrix and homogeneous 
behaviour would be exhibited. The noise at late time periods in Fig. 18 is the result of numerical errors due to the high 
permeability values assigned. 
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Fig. 18- Pressure change and derivative plots of different Permeability contrasts at low fracture intensity of 0.3 m
2
/m
3
 (left) and high 
fracture intensity of 0.6 m
2
/m
3
 (right). 
Storage contrast: 
Storage contrast has the smallest effect on changing the dual porosity signature, when compared to the other 
parameters. However, a higher matrix aperture than the fracture matrix is essential to observe dual porosity behaviour. Lower 
storage contrast between fractures and matrix causes the dual porosity window seen in the plots to be smaller. Moreover, at 
least 50-60 % of the total storage has to be in the matrix for dual porosity behaviour to be exhibited. Once this threshold is 
exceeded, it is most likely that dual porosity will be observed, unless the other parameters are out of range. Fig. 19 presents 
storage contrast effect on dual porosity behaviour. 
 
 
Fig. 19- Pressure change and derivative plots of different fracture storage values. 
It was observed that in some of the runs even inside the dual porosity window, dual porosity behaviour was not 
observed. In these cases, it is most likely that a well-connected fracture network had not been formed and, instead, clusters of 
small networks were formed. These cases were not included in this study as they exhibit different flow regimes, which are 
beyond the scope of this study. Moreover, in some cases beyond the range of dual porosity behaviour, dual porosity like 
behaviour can be observed due to an artefact in the numerical model. A well test analysis is required to verify this behaviour. 
Refer to Appendix-H for an example. 
Even though the model was created to be as realistic as possible, it is still considered homogeneous compared to actual, 
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NFR. Dolomitazation processes and mineral precipitations can affect the connectivity and storativity of fracture networks and 
of the matrix, by either increasing or decreasing it. Such processes were not taken into account in the modelling of dual 
porosity behaviour in this study. Small fractures and the heterogeneous formation of rocks, such as baffles or barriers to flow, 
were also not included in the model here. Moreover, assignment of parameter values such as permeability and aperture was 
almost uniform throughout the model. However, such heterogeneities change from one reservoir to another and can be applied, 
whenever applicable, for field specific modelling. The modelling techniques utilized in this study could be used as general 
guidelines for more coherent and field specific models.  
The dual porosity window defined is based on the selected parameters and so there is an uncertainty within the limits at 
which the window ends. The level of uncertainty was defined based on the minimum at which dual porosity will not appear, 
which is at a permeability contrast of one order of magnitude or less in all cases. In almost all the simulation cases, when the 
fracture network permeability was higher than matrix permeability by one order of magnitude or less, dual porosity behaviour 
did not appear. The lowest fracture size used was 0.05 of the side length, which is 20 m. However, some cases were run with 
smaller fracture sizes (shorter equivalent lengths) of 10 m and most of these did not show dual porosity behaviour, but not all 
cases. Hence, the shortest fracture length has not been affirmed. At a low fracture length of 0.05 or less, the probability of 
forming a fracture network is less and, therefore, dual porosity behaviour was not observed in all cases run. Instead different 
fracture flow regimes with time were observed. 
Conclusions 
This study has presented an overview of Warren and Root’s (1963) dual porosity model and its extensions. A description of 
the different approaches to modelling of dual porosity reservoirs using discrete fracture networks has also been provided. An 
examination of the impact of scale-dependent parameters on dual porosity behaviour has been presented, along with a defined 
threshold of when the behaviour would be exhibited. 
In the middle time period of the pressure test, three main behaviours were observed: homogenous, dual porosity and 
composite behaviour. For dual porosity to be observed, a high permeability fracture network with a low storage and low 
permeability matrix and high storativity was required. Along with the contrast in the permeability and storage between the 
fracture network and matrix, fracture intensity and fracture equivalent length (size) have the most effect on dual porosity 
behaviour.  
At high fracture intensity of 0.6 to 0.8 m
2
/m
3
 and intermediate fracture length of 0.1 to 0.3, low to medium permeability 
contrast of 10
2
 to 10
5
 md is required for dual porosity. At low fracture intensity of 0.2 to 0.4 m
2
/m
3
, a higher permeability 
contrast of the order of magnitude of 10
5
 to 10
8
 md is required to increase the contribution from the fracture network and for 
dual porosity to be exhibited at low fracture storage. With long fractures of more than 0.4 of the reservoir side length and a 
high permeability contrast, it is most likely that a composite behaviour would be observed due to the contributions from the 
fracture network and the matrix directly into the well. At a high permeability contrast with medium fracture length and high 
intensity, homogenous behaviour would be exhibited due to the high contribution from the fracture network compared to the 
contribution from the matrix. Aperture changes (storage contrast) do not affect dual porosity behaviour as much as the other 
parameters do. However, it is essential to have at least a contrast of 50-60% storage of fluids in the matrix. As fracture storage 
increases, the defined window gets smaller as the matrix-fracture flow will be less and thus harder to be observed. 
The thresholds defined could be helpful when modelling NFR as general guidelines. They could also be used as a 
checking tool to verify the reality of dual porosity behaviour observed in a well test. The model used in this study uses vertical 
fractures as the secondary medium with semi-homogenous properties and so the limits defined may not be applicable to real 
reservoirs.  
Further modelling and analysis to assess the effects of permeability anisotropy and fracture orientation dispersion on 
the dual porosity defined window is required. Use of field data to validate the ranges and match authentic well tests with 
simulated ones to validate further the results found in the present study is essential. More realistic modelling approaches such 
as model approach number four, which includes more fracture sets and more heterogeneous networks (in terms of the 
distribution of properties) could help to evaluate further the defined window. 
 
Nomenclature 
Bo = oil formation volume factor, rob/stb, [m
3
/Sm
3
] 
C = wellbore storage constant, RB/psi [m
3
/Pa] 
ct = total compressibility, Lt
2
/m, 1/psi, [1/atm] 
h = thickness, L, m, [m] 
km = matrix permeability, L
2
, mD, [Darcy] 
kf = fracture permeability, L
2
, mD, [Darcy] 
P0 = initial reservoir pressure, m/Lt
2
, psia, [bar] 
q = flow rat, L
3
/t, stb/d, [cm
3
/s] 
rw = wellbore radius, L, m [cm] 
16   
φ = porosity, fraction 
μo = fluid viscosity, m/Lt, cp, [cp] 
ρo = fluid density, kg/m
3 
 
Subscripts 
𝑓 = fracture 
𝑚 = matrix 
𝑤 = wellbore 
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MILESTONES IN WELL TEST ANALYSIS OF NATURALLY FRACTURED RESERVOIRS 
 
SPE 
Paper # 
Year Title Authors Contribution 
J. of Applied Mathematics and 
Mechanics, 24 (5):  
1286–1303 
1960 Basic Concepts in the 
Theory of Seepage of 
Homogeneous Liquids in 
Fissured Rocks 
Barenblatt, G. I.,  
eltov, Y. P. 
Kochina 
The paper presents the first detailed discussion 
of the radial flow of slightly compressible 
fluid through naturally fractured reservoirs 
utilizing the seepage equation of a liquid in a 
fissured rock and in a porous medium. 
426-PA 1963 The Behavior of Naturally 
Fractured Reservoirs 
J. E. Warren 
P. J. Root 
Developed new idealized naturally fractured 
reservoir model and examined pressure build 
up behaviour 
2156-A 1969 Pressure transient analysis of 
naturally fractured reservoirs 
with uniform fracture 
distribution 
Kazemi, H 
 
Warren and Root model was validated along 
with pointing some of the weaknesses of the 
model 
7977 1979 Transient pressure behaviour 
of naturally fractured 
reservoirs 
M.J. Mavor 
H. Cino Ley 
Included wellbore storage and skin to Warren 
and root’s naturally fractured reservoir model 
9293 1980 Determination of fissure 
volume and block size in 
fractured reservoirs by type-
curve analysis 
Dominique Bourdet 
Alain C. Gringarten 
A new type curve is developed to analyse well 
tests for wells in fissured reservoirs with new 
method to better estimate λ and ω 
10044-PA 1984 Interpretation of Tests in 
Fissured and Multilayered 
Reservoirs With Double-
Porosity Behavior: Theory 
and Practice 
Gringarten, A.C. The paper presented the means to identify dual 
porosity behaviour and how to evaluate the 
relevant parameters 
12777-PA 1989 Use of Pressure Derivative 
in Well Test Interpretation 
Bourdet, D., 
Ayoub, J.A., 
Pirard, Y.M.  
 
This paper presents how the derivative of 
pressure response can be used to interpret fluid 
flow regime and how the dual porosity 
behaviour can be identified 
CIM/SPE 90-120 1990 Simulation of Dual-Porosity 
Flow in Discrete Fracture 
Networks 
Doe, T.W., Uchida, 
M., Kindred, J.S., 
Dershowitz, W.S. 
First paper to introduce modelling dual 
porosity reservoirs using discrete fracture 
network approach. 
 
59014 2000 Well Test Pressure 
Derivatives and the Nature 
of Fracture Networks 
Wei, L. The paper presented an understanding of how 
a fracture connectivity can be formed (high 
intensity fractures or long fractures with less 
intensity) and how it effects the flow 
behaviour within the reservoir. As a result 
how connectivity effect pressure test response. 
In Fracture And In Situ 
Characterization Of  
Hydrocarbon Reservoirs, ed. 
 M Ameen, Geological Society,  
Special Publications,  
209, 177-186 
2003 Geological evidence of 
patterns of fluid flow 
through fracture networks: 
examination using random 
realizations and connectivity 
analysis 
Jolly, R.J.H. 
Cosgrove, J.W. 
 
The paper presents and evaluates different 
fracture networks by varying different 
parameters (length, orientation and density) to 
aid in the understanding of fracture 
connectivity. In addition, it examines the 
pathways preserved by two types of fluids and 
how they are different from hydrocarbons. 
In Fractured Reservoirs, eds. L. 
Lonergan, R. J. H. Jolly, K.  
Rawnsley, and D.J. Sanderson. 
Geological Society of London,  
Special Publications 270, 117-137 
2007 Study of Fracture-
Induced Anisotropy 
from Discrete 
Fracture Network 
Simulation Of Well 
Test Responses 
Leckenby, R.J., 
Lonergan, L., 
Rogers, S.F. 
Sanderson, D.J.  
 
The presented how fracture anisotropy can 
affect the pressure response. In addition, some 
modelling techniques and methodologies were 
presented using discrete fracture networks. 
168823-MS 2013 Evaluating the Effect 
of Natural Fractures 
on Production from 
Hydraulically 
Fractured Wells 
Using Discrete 
Fracture Network 
Models 
Doe, T. Lacazette, 
A. Dershowitz, W. 
Knitter, C. 
 
The paper aided in developing the third 
modelling approach which represents the 
matrix as a horizontal fracture and how the 
horizontal fracture aperture relates to the 
porosity and storage of the matrix it represents 
Literature Review Table- 1 List of most relevant publications to the dual porosity behavior of NFR 
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PMM (Journal of Soviet Applied Mathematics and Mechanics), 24 (5):1286-1303 (1960) 
 
Basic Concepts in the Theory of Seepage of Homogeneous Liquids in Fissured Rocks 
 
 
Authors:  
 
Barenblatt, G. I., Zeltov, Y. P., and Kochina 
 
Contribution to the understanding of well test behaviour of fractured reservoirs:  
 
The paper presents the first detailed discussion of the radial flow of slightly compressible fluid through naturally fractured 
reservoirs 
 
Objective of the Paper:  
 
To develop dual porosity model to characterize naturally fractured reservoirs 
 
Methodology used:  
 
Extending on the classical seepage theory, two fluid pressures were proposed to account for fractures and matrix mediums: 
- The first one to represent the pressure of the fluids in the fractures  
- The other one is to represent the pressure of the fluids in the matrix 
 
Conclusions:  
 
- The ordinary equation of non-steady state flow in a porous medium can be applied only if the characteristic times or 
the duration are long compared to the delay time 
- A model to characterize dual porosity was developed by assuming the fractures act as a secondary medium and the 
matrix as another medium  
 
Comments:  
 
The paper provides the first dual porosity model that describes fluids flow in fissured reservoirs 
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SPE-426-PA, SPE Journal, 3 (3):245-255. (1963).  
 
The behaviour of naturally fractured reservoirs  
 
 
Authors:  
 
Warren, J.E., Root, P.J.  
 
Contribution to the understanding of well test behaviour of fractured reservoirs:  
 
In this paper the first practical dual porosity model was developed.  
 
Objective of the Paper:  
 
To improve the description of a formation that contains primary (matrix) and secondary (fractures) porosity by developing an 
idealized model that will simulate the double porosity behaviour during single phase flow.  
 
Methodology used:  
 
Developed an idealized model that contains primary and secondary porosities. The primary porosity region contributes 
significantly to the fluid storage (pore volume) but insignificantly to the flow capacity, and the opposite applies for the 
secondary porosity region. Flow can occur between the primary and secondary porosities, but not in between the primary 
porosity blocks. Fluid flows to the wellbore through the secondary porosity region. Flow from the primary porosity (matrix) to 
the secondary porosity (fractures) is assumed to be quasi steady state. Unsteady state flow in this model is investigated and 
equations are derived and solved. This work is based on the approach used by Barenblatt et al. (1960)  
 
Conclusions reached:  
 
1. Two parameters, λ and ω, are sufficient to characterize the deviation of the behaviour of a medium with double porosity 
from that of a homogenous porous medium.  
2. These parameters can be evaluated from well test analysis.  
3. For the analysed cases, the pressure exhibits two parallel semi-log straight lines whose slope is related to the flow capacity 
of the system and their separation is related to the storativity.  
 
Comments:  
 
This paper is the basis for well test analysis in fractured reservoirs. Many refinements, extensions and variations of this model 
have been made since it was first published, as well as improved ways to determine the parameters λ and ω. 
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SPE-2156-A, SPE Journal 9 (4): 451-462. (1969) 
 
Pressure transient analysis of naturally fractured reservoirs with uniform fracture distribution 
 
Authors: 
 
Kazemi, H 
 
Contribution to the understanding of well test behaviour of fractured reservoirs:  
 
Warren and Root model was validated along with pointing some of the weaknesses of the model 
 
 
Objective of the Paper:  
 
To model heterogeneous reservoirs with idealized theoretical model that has uniform fracture distribution. Also, the model was 
compared with Warren and Root and other earlier models 
 
Methodology used:  
 
A model consisting of finite circular reservoir with a well located at the centre was created. The model has two porous regions 
to represent the matrix and the fractures. The matrix has high storage and low permeability whereas the fracture network has 
low storage and high permeability. The model was created to model naturally fractured reservoirs and come up an analytical 
solution. The flow in the entire model is unsteady state. 
 
Conclusions:  
 
- Both build up and drawdown pressure tests indicate two distinct slopes in the semi-log plot just like Warren and Root 
model 
- When the ratio of flow capacities in the matrix and fractures is small, only one straight line will be observed 
- At late  times, the fractured system behaves similar to homogenous system 
 
 
 
Comments:  
 
The paper validated Warren and Root model and gave an insight on how different shapes and orientations of idealized model 
exhibit behaviours in the pressure test. Even though the two idealized models were different in shape and orientations, they 
both gave similar responses as long as there is high contrast in permeability and storage between fractures and matrix. 
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SPE 7977 presented at the SPE California Regional Meeting, Ventura, California, 18-20 April (1979) 
 
Transient Pressure Behaviour of Naturally Fractured Reservoirs 
 
 
Authors: 
Mavor, M. and Cinco-Ley 
 
Contribution to the understanding of well test behaviour of fractured reservoirs:  
 
Wellbore storage and skin model was introduced to the warren and root dual porosity model.  
 
Objective of the Paper:  
 
To investigate pseudo steady state and long-time reservoir behaviour. Also, to extend Warren and Root dual porosity model to 
include wellbore storage and skin 
 
Methodology used:  
 
An idealized model was created to obtain a mathematical solution for the problem. The model consisted of horizontal radial 
reservoir initially at uniform pressure with impermeable upper and lower boundaries. Two pressures are obtained based on this 
model, fracture and matrix. From that and by performing mass balance and assuming Darcy’s flow, transient flow was derived 
by Warren and Root. Matrix fracture interaction was described as instantaneous steady state relationship. The wellbore storage 
and skin effects were included to the model 
 
Conclusions:  
 
- The storativity of matrix and fracture network can be obtained from well test analysis 
- Wellbore storage effects can be seen at early time and becomes negligible at later times 
- The two parallel lines in the semi log plot may not appear if the matrix contribution to the flow is minimal compared 
to the fracture network 
 
 
Comments:  
 
This paper presents key early time behaviour in the well test which is the wellbore storage and skin effects. In addition, it 
provides ways on how to estimate skin, ω and λ values 
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SPE 9293 presented at the SPE Annual Technical Conference and Exhibition, Dallas, Texas, 21-24 
September (1980) 
 
Determination of Fissure Volume and Block Size in Fractured Reservoirs by Type-Curve Analysis 
 
Authors: 
 
Bourdet, D. and Gringarten, A 
 
 
Contribution to the understanding of well test behaviour of fractured reservoirs:  
 
A new type curve to analyse wells with wellbore storage and skin in dual porosity systems was presented. In addition a way to 
estimate characteristic dual porosity parameters “that can provide quantitative information on fracture and matrix volume” 
using the type curve analysis was introduced. 
 
 
Objective of the Paper:  
 
To present new type-curves that can provide all the system parameters using log-log analysis. Using field data, the type curve 
analysis is illustrated. 
 
Methodology used:  
 
Considering only heterogeneous reservoirs and dual porosity model, the new type curve was introduced. The dual porosity 
behaviour was represented by λe-2S curves. Build up tests interpretation was also introduced along with a solution for transient 
flow from matrix to fractures 
 
Conclusions:  
 
- New Type curve to analyse pressure drawdowns and build ups was introduced 
- The type curve applies to damaged, acidized and fractured well in naturally fractured reservoirs 
- The dual porosity effect is local and concentrated around the producing well 
 
 
 
Comments:  
 
The paper presents a very important tool to analyse and describe dual porosity behaviour. It also provide the means on how to 
estimate the dual porosity parameters using type curve analysis 
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SPE-10044-PA, Journal of Petroleum Technology, 36(04), pp. 549-564. (1984) 
 
Interpretation of Tests in Fissured and Multilayered Reservoirs With Double-Porosity Behavior: Theory and 
Practice 
 
Authors: 
 
Gringarten, A.C. 
 
Contribution to the understanding of well test behaviour of fractured reservoirs:  
 
The paper presented the means to identify dual porosity behaviour and how to evaluate the relevant parameters 
 
Objective of the Paper:  
 
To summarize the current knowledge at that time of reservoirs with dual porosity which include both fractured and multi-
layered reservoirs with high permeability contrast between the layers. 
 
Methodology used:  
 
The paper consists of two main parts. The first part presents the solutions for the direct problem (diffusivity equation) and the 
second part presents methods for solving the inverse problem which include identifying the dual porosity behaviour and 
evaluating relevant parameters. In addition, several field examples to demonstrate the methods introduced were presented and 
analysed. 
 
Conclusions:  
 
- Fissured reservoirs and multi-layered reservoirs with high permeability contrast between layers exhibit the same dual 
porosity behaviour 
- Dual porosity behaviour can be analysed using log-log analysis of the pressure response during a test or its derivative 
- The two parallel semi-log straight-lines may not appear depending on the well conditions 
- Wells with zero skin in dual porosity reservoirs have a psedoskin of about -3 
- Fissured reservoirs can be distinguished from multi-layered reservoirs if the well is not damaged 
- Wellbore storage values are very high for wells in dual porosity reservoirs due to the volume of the fractures 
intersecting the well 
 
Comments:  
 
The paper presented several ways to identify dual porosity behaviour using log-log and straight line analysis. It aided in the 
understanding of dual porosity reservoirs and how they are different from multi-layered reservoirs. 
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SPE-12777-PA. SPE Form Eval 4 (2): 293-302. (1989) 
 
Use of Pressure Derivative in Well Test Interpretation 
 
 
Authors:  
 
Bourdet, D., Ayoub, J.A., Pirard, Y.M.  
 
Contribution to the understanding of well test behaviour of fractured reservoirs:  
 
This paper presents how the derivative of pressure response can be used to interpret fluid flow regime and how the dual 
porosity behaviour can be identified 
 
Objective of the Paper:  
 
To introduce a new interpretation method by the use of the pressure response and its derivative to identify different flow 
regimes 
 
Methodology used:  
 
The proposed method utilizes the pressure response and its derivative with respect to the appropriate time function.  This 
method considers the response for the entire period of testing. The method was demonstrated for homogeneous reservoirs and 
compared with other conventional methods. Moreover, the method for heterogeneous (dual porosity) reservoirs was presented 
and the distinction from homogeneous reservoirs was shown. 
 
Conclusions:  
 
- Changes of slope identified by the derivative of the pressure response helps to identify different flow regimes and 
behaviours 
- The derivative approach improves the definition of the analysis plots thus the quality of the interpretation 
 
 
Comments:  
 
The response and shape of the dual porosity behaviour during middle time in the derivative was introduced in this paper 
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Paper CIM/SPE 90-120 presented at the CIM/SPE Annual Technical Meeting, Calgary, Alberta, 10-13 June 
(1990) 
 
Simulation of Dual-Porosity Flow in Discrete Fracture Networks 
 
 
Authors: 
 
Doe, T.W., Uchida, M., Kindred, J.S., and Dershowitz, W.S. 
 
Contribution to the understanding of well test behaviour of fractured reservoirs:  
 
First paper to introduce modelling dual porosity reservoirs using discrete fracture network approach. 
 
 
Objective of the Paper:  
 
To model dual porosity reservoirs using discrete fracture network approach and to evaluate the extent to which dual porosity 
approaches may be applied to heterogeneous reservoirs. 
 
Methodology used:  
 
Two applications were presented: 
- The first uses single horizontal fracture as test 
- The second one uses several vertical fractures in addition to the horizontal one to investigate the effects on drawdown 
behaviour. 
The dual porosity model was simulated using generic matrix block associated with each fracture segment in the network. 
 
Conclusions:  
 
- The results from the new approach match the classical dual porosity model 
- Some drawdown responses at specific points in the fracture network deviate from the dual porosity model due to 
some heterogeneities within the fracture network. 
 
 
Comments:  
 
The paper provides a good explanation of discrete fracture network approach to model dual porosity reservoirs. Most of the 
previous papers use DFN modelling approach just for flow within fracture network 
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Paper SPE 59014 presented at the SPE International Petroleum Conference and Exhibition, Villahermosa, 
Mexico, 1-3 February (2000) 
 
Well Test Pressure Derivatives and the Nature of Fracture Networks 
 
Authors: 
 
Wei, L. 
 
Contribution to the understanding of well test behaviour of fractured reservoirs:  
 
The paper presented an understanding of how a fracture connectivity can be formed (high intensity fractures or long fractures 
with less intensity) and how it effects the flow behaviour within the reservoir. As a result how connectivity effect pressure test 
response 
 
 
Objective of the Paper:  
 
To investigate and assess how well tests and production data can be used to provide more insights on the nature of the 
reservoir characteristics. Moreover, to evaluate fracture parameters effects such as intensity and connectivity on the fluids flow 
within the reservoir. 
 
Methodology used:  
 
Several geological scenarios were used and for each scenario a defined fracture parameters such as fracture size distribution, 
fracture intensity and anisotropy were determined in order to conduct sensitivity analysis. From that several fracture models 
were generated with fractures created stochastically or deterministically with a range of values for one parameter while 
keeping the others constant. Simulate and interpret well tests for all the models generated. Analyse the relationship between 
the nature of the fracture networks and the well test response. 
 
Conclusions:  
 
- With all the conditions are the same, the higher fracture intensity, more radial flow will be observed and pressure 
response will be more likely homogeneous medium 
- Power law fracture size distribution may result in more channelized flow 
- Increased matrix permeability will make the influence of the fracture network less 
 
Comments:  
 
The paper presented a relationship between well tests behaviours and some of heterogeneous reservoirs’ properties such as 
fracture size and intensity 
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In Fracture And In Situ Characterization Of Hydrocarbon Reservoirs, ed. M. Ameen, Geological Society, 
London, UK, Special Publications, 209, 177-186 (2003) 
 
Geological evidence of patterns of fluid flow through fracture networks: examination using random realizations 
and connectivity analysis 
 
Authors:  
 
Jolly, R.J.H. & Cosgrove, J.W. 
 
Contribution to the understanding of well test behaviour of fractured reservoirs:  
 
The paper presents and evaluates different fracture networks by varying different parameters (length, orientation and density) 
to aid in the understanding of fracture connectivity. In addition, it examines the pathways preserved by two types of fluids and 
how they are different from hydrocarbons. 
 
Objective of the Paper:  
 
Computer realizations are used to examine the influence of fracture length on connectivity of the fracture system. In addition, 
the spatial distribution of the connected fractures and how it varies as the connectivity increases is also considered. 
 
Methodology used:  
 
- Percolation theory is used for generating the models which is a mathematical theory that examines the likelihood of 
connectivity, through a generated fracture network, from one boundary to the opposing boundary (Stauffer & 
Aharony 1994). 
- The recorded spacing distribution of the igneous and clastic dykes was compared with the normal (Gaussian), log-
normal, negative-exponential and power-law distributions by using cumulative frequency plots. 
 
Conclusions:  
 
- The spatial distribution of the clastic dykes is attributed to local branching associated with connected flow zones. 
- The difference between the spatial distributions observed for the clastic and igneous dykes is attributed to the ability 
of the fluids to reutilize existing flow pathways. 
- It is likely that migrating hydrocarbons, because they do not seal their flow pathways, have channelized flow through 
fracture networks. Thus the geometry flow pathways of migrating hydrocarbons are similar to the clastic dyke model.  
- The migration of hydrocarbons through fracture networks should not be considered as flow within isolated linked 
fractures, but as localized zones of flow within the fracture network 
 
Comments:  
 
The paper provides key insights on fracture connectivity and thus enhances the understanding of fluids movement 
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In Fractured Reservoirs, eds. L. Lonergan, R. J. H. Jolly, K. Rawnsley, and D.J. Sanderson. Geological 
Society of London, London, UK, Special Publications 270, 117-137 (2007) 
 
Study of Fracture-Induced Anisotropy from Discrete Fracture Network Simulation Of Well Test Responses 
 
Authors: 
 
Leckenby, R.J., Lonergan, L., Rogers, S.F. and Sanderson, D.J.  
 
 
Contribution to the understanding of well test behaviour of fractured reservoirs:  
 
The paper presented how fracture anisotropy can affect the pressure response. In addition, some modelling techniques and 
methodologies were presented using discrete fracture networks.  
 
 
Objective of the Paper:  
 
To investigate whether the behaviour of realistic fracture networks can be simulated with idealized models and to assess the 
effect of anisotropy on the pressure derivative.  
 
Methodology used:  
 
Several models with two orthogonal fracture sets were generated. The anisotropy of the fractures was increased by decreasing 
the angle between two fracture sets from 90° in steps down to 15°. Also, by increasing permeability contrast between the two 
fractures sets, the anisotropy was changed. Single phase flow well tests assuming zero wellbore storage and zero skin values 
were simulated and interpreted. 
 
Conclusions:  
 
- The overall trend of realistic fractures can be approximated with simpler models 
- The degree of anisotropy can only be assessed at later times 
- Increasing geometrical anisotropy can increase heterogeneity 
 
Comments:  
 
The paper provides some means on how to model heterogeneous reservoirs using discrete fracture network. 
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Paper SPE-168823-MS presented at Unconventional Resources Technology Conference, 12-14 August, Denver, 
Colorado, USA. (2013) 
Evaluating the Effect of Natural Fractures on Production from Hydraulically Fractured Wells Using Discrete Fracture Network 
Models 
Authors: 
 
Doe, T. Lacazette, A. Dershowitz, W. and Knitter, C. 
 
Contribution to the understanding of well test behaviour of fractured reservoirs:  
 
The paper aided in developing the third modelling approach which represents the matrix as a horizontal fracture and how the 
horizontal fracture aperture relates to the porosity and storage of the matrix it represents 
 
 
Objective of the Paper:  
 
To represents a Discrete fracture network study of gas production that contains pre-existing conductive fractures. Also to 
provide basis for constructing a discrete fracture network model that accounts for conventional micro seismic data, flow logs 
and TFI fractures. 
 
Methodology used:  
 
Several models were constructed to simulate gas production for the Malllory 145 pad from induced and natural fracture 
systems using discrete fracture network. The production from the matrix was simulated using two approaches, the first utilizes 
a complementary dual porosity and the second includes layer-parallel fracture that has the same permeability and porosity as 
the matrix. The model has hydraulic fractures, fractures conditioned to the TFI data, fractures conditioned to gas production 
from the quadruple spectrometer logs, stochastic fractures and single fracture representing the matrix. Several simulations 
were run and analysed on the model. 
 
Conclusions:  
 
- The tomographic fracture imaging is an effective tool to identify natural fracture sources that are beyond the hydro 
facture 
- DFN modelling provides a method for assessing the production from production implications of the TFI information 
 
Comments:  
 
The approach used to model matrix flow from this paper was utilized in the research to model dual porosity reservoirs. 
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Appendix A – Model Approach number 1 (Two orthogonal sets of fractures and DFN dual 
porosity) 
The model consisted of 14 orthogonal fractures in each set with 15 m spacing between the fractures.Model parameters along 
with simulation results and match and snap shots are presented below. 
 
Table A 1- Reservoir and Fluid properties. 
Property  Value 
Model dimensions (m)  400 × 400 × 15  
h (m)  15 
Fracture ct   (1/psi)  1E-5 
Matrix ct      (1/psi)  1E-6 
μo  (cp)  1.5 
rw (m)  0.1 
P0     (psia)  1000 
Bo    (rob/stb)  1 
q     (Stbd)  600 
Skin, non-dimensional  0 
kf (mD) 
km (mD) 
Aperturef (m) 
φm (fraction) 
 1000 
1 
0.01 
0.2 
 
 
Fig. A 1 Model top view (showing orthogonal fractuers) at elapesed time of 1000 hrs (radial flow), Realization A23. 
 
Fig. A 2- Model side view (showing vertical orthogonal fractures with the well intersecting one fracture at the center). 
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Fig. A 3- Well test analysis of model 1 realization A25. 
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Appendix B – Model Approach number 2 (Two orthogonal sets of fractures and fracture matrix) 
Table B 1 - Reservoir and Fluid properties. 
Property  Value 
Model dimensions (m)  400 × 400 × 15  
h (m)  15 
Fracture ct   (1/psi)  1E-5 
Matrix ct      (1/psi)  1E-6 
μo  (cp)  1.5 
rw (m)  0.1 
P0     (psia)  1000 
Bo    (rob/stb)  1 
q     (Stbd)  600 
Skin, non-dimensional  0 
kf (mD) 
km (mD) 
Aperturef (m) 
Aperturem 
 1000 
1 
0.01 
5 
 
Fig. B 1- Model top view (showing orthogonal fractuers with single  horizontal fracute as matrix) at elapesed time of 1000 hrs (radial 
flow), Realization B23. 
 
Fig. B 2- Side view of Model 2 at elapsed time of 1000 hrs (radial flow). 
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Fig. B 3- Well test analysis of Model 2, realization B25. 
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Appendix C- Model approach number 4 (Four sets of fractures; two large sets as fractures and 
two smaller sets as the matrix) 
 
Table C 1- Reservoir and Fluid properties. 
Property  Value 
Model dimensions (m)  400 × 400 × 15  
h (m)  15 
Fracture ct   (1/psi)  1E-5 
Matrix ct      (1/psi)  1E-6 
μo  (cp)  1.5 
rw (m)  0.1 
P0     (psia)  1000 
Bo    (rob/stb)  1 
q     (Stbd)  600 
Skin, non-dimensional  0 
kf (mD) 
km (mD) 
Aperturef (m) 
Aperturem 
 10000 
1 
0.001 
2 
 
Fig. C 1- Model 4 top view (small and big fractures can be seen). 
 
Fig. C 2- Model 4 side view.  
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Fig. C 3- Well test analysis of Model 4 realization C5. 
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Appendix D- Model Validation approach number 3 (Two semi orthogonal fracture sets with 
fracture matrix) 
Two simulation runs were run on this model for validation. The first one with the same parameters for both fracture and matrix 
systems. The first table represents the data used for the first run and the seconed represents the data for the seconed run. Fig. D 
1 shows the meshing for the model that was used for the runs. This meshing uses as a maximum of 40 m per element and 0.1 
m per element as the minimum. 
Table D 1- Reservoir and Fluid properties. 
Property  Value 
Model dimensions (m)  400 × 400 × 15  
h (m)  15 
Fracture ct   (1/psi)  1E-5 
Matrix ct      (1/psi)  1E-6 
μo  (cp)  1.5 
rw (m)  0.1 
P0     (psia)  1000 
Bo    (rob/stb)  1 
q     (Stbd)  600 
Skin, non-dimensional  0 
kf (mD) 
km (mD) 
Aperturef (m) 
Aperturem 
 100 
100 
1 
1 
 
Table D 2- Reservoir and Fluid properties. 
Property  Value 
Model dimensions (m)  400 × 400 × 15  
h (m)  15 
Fracture ct   (1/psi)  1E-5 
Matrix ct      (1/psi)  1E-6 
μo  (cp)  1.5 
rw (m)  0.1 
P0     (psia)  1000 
Bo    (rob/stb)  1 
q     (Stbd)  600 
Skin, non-dimensional  0 
kf (mD) 
km (mD) 
Aperturef (m) 
Aperturem 
 600 
0.01 
0.01 
5 
 
 
Fig. D 1- meshing configuration (max element of 40 m). 
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Fig. D 2- Side view of Model 3 (used for most of the simulations with varying parameters). 
 
Fig. D 3- Top view of the model, semi orthogonal sets can be seen. 
40   
 
Fig. D 4 Well test analysis of homogeneous reservoir using modeling approach number 3. 
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Fig. D 5- Well test analysis of Model 3, realization 18.  
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Appendix E- Initial Experimental design (64 runs specifications and results) t 
The table below lists the initial runs fracture and matrix properties and the results of each case (weather a dual porosity 
behaviour was exhibited or not) along with some simulation plots of random cases. 
 
run 
# 
fracture 
intensity  
Kf Km Aperturef Aperturem fracture equivalent 
radius 
double porosity 
(√) 
1 0.05 1 0.001 0.01 0.01 0.01  
2 0.05 1 0.001 0.01 0.01 0.4  
3 0.05 1 0.001 0.01 6 0.01  
4 0.05 1 0.001 0.01 6 0.4 √ 
5 0.05 1 0.001 9 0.01 0.01  
6 0.05 1 0.001 9 0.01 0.4  
7 0.05 1 0.001 9 9 0.01  
8 0.05 1 0.001 9 9 0.4  
9 0.05 1 1000 0.01 0.01 0.01  
10 0.05 1 1000 0.01 0.01 0.4  
11 0.05 1 1000 0.01 9 0.01  
12 0.05 1 1000 0.01 9 0.4  
13 0.05 1 1000 9 0.01 0.01  
14 0.05 1 1000 9 0.01 0.4  
15 0.05 1 1000 9 9 0.01  
16 0.05 1 1000 9 9 0.4  
17 0.05 700000 0.001 0.01 0.01 0.01  
18 0.05 700000 0.001 0.01 0.01 0.4  
19 0.05 700000 0.001 0.01 6 0.01 √ 
20 0.05 700000 0.001 0.01 6 0.4 √ 
21 0.05 700000 0.001 9 0.01 0.01  
22 0.05 700000 0.001 9 0.01 0.4  
23 0.05 700000 0.001 9 9 0.01  
24 0.05 700000 0.001 9 9 0.4  
25 0.05 700000 1000 0.01 0.01 0.01  
26 0.05 700000 1000 0.01 0.01 0.4  
27 0.05 700000 1000 0.01 6 0.01  
28 0.05 700000 1000 0.01 6 0.4  
29 0.05 700000 1000 9 0.01 0.01  
30 0.05 700000 1000 9 0.01 0.4  
31 0.05 700000 1000 9 9 0.01  
32 0.05 700000 1000 9 9 0.4  
33 0.95 1 0.001 0.01 0.01 0.01  
34 0.95 1 0.001 0.01 0.01 0.4  
35 0.95 1 0.001 0.01 6 0.01  
36 0.95 1 0.001 0.01 6 0.4  
37 0.95 1 0.001 9 0.01 0.01  
38 0.95 1 0.001 9 0.01 0.4  
39 0.95 1 0.001 9 9 0.01  
40 0.95 1 0.001 9 9 0.4  
41 0.95 1 1000 0.01 0.01 0.01  
42 0.95 1 1000 0.01 0.01 0.4  
43 
 
43 0.95 1 1000 0.01 9 0.01  
44 0.95 1 1000 0.01 9 0.4  
45 0.95 1 1000 9 0.01 0.01  
46 0.95 1 1000 9 0.01 0.4  
47 0.95 1 1000 9 9 0.01  
48 0.95 1 1000 9 9 0.4  
49 0.95 700000 0.001 0.01 0.01 0.01  
50 0.95 700000 0.001 0.01 0.01 0.4  
51 0.95 700000 0.001 0.01 6 0.01 √ 
52 0.95 700000 0.001 0.01 6 0.4  
53 0.95 700000 0.001 9 0.01 0.01  
54 0.95 700000 0.001 9 0.01 0.4  
55 0.95 700000 0.001 9 9 0.01  
56 0.95 700000 0.001 9 9 0.4  
57 0.95 700000 1000 0.01 0.01 0.01  
58 0.95 700000 1000 0.01 0.01 0.4  
59 0.95 700000 1000 0.01 6 0.01 √ 
60 0.95 700000 1000 0.01 6 0.4  
61 0.95 700000 1000 9 0.01 0.01  
62 0.95 700000 1000 9 0.01 0.4  
63 0.95 700000 1000 9 9 0.01  
64 0.95 700000 1000 9 9 0.4  
Table E 1 list of the initial 64 simulation runs’ parameter values and results. (√) denotes the run exhibited dual porosity behaviour. 
 
  
Fig. E 2- Well test simulation response from cases 27 and 53 (both cases do not show dual porosity). 
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Fig E 3- Well test simulation response from cases 60 and 20 (case 20 exhibit dual porosity behavior). 
 
Fig. E 4- Well test simulation response from cases 59 and 51 (both cases exhibit dual porosity behavior). 
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Appendix F- 12 tables listing the main runs to determine the dual porosity threshold 
All the runs to determine the dual porosity behaviour are liested below with their specifiactions and results. At the end of the 
tables, the FracMan simulated test plots of some random cases are shown. 
 
Run fracture intensity k contrast Aperture contrast fracture length dual porosity 
200 0.2 10^2 2% 0.05 
 
201 0.2 10^4 2% 0.05 √ 
202 0.2 10^6 2% 0.05 √ 
203 0.2 10^8 2% 0.05 √ 
      205 fracture intensity k contrast Aperture contrast fracture length double porosity 
206 0.4 10^2 2% 0.05 
 
207 0.4 10^4 2% 0.05 √ 
208 0.4 10^6 2% 0.05  
209 0.4 10^8 2% 0.05  
      211 fracture intensity k contrast Aperture contrast fracture length double porosity 
211.5 0.6 10 2% 0.05 
 
212 0.6 10^2 2% 0.05 √ 
213 0.6 10^4 2% 0.05 √ 
214 0.6 10^6 2% 0.05  
215 0.6 10^8 2% 0.05  
      217 fracture intensity k contrast Aperture contrast fracture length double porosity 
218 0.8 10^2 2% 0.05  
219 0.8 10^4 2% 0.05  
220 0.8 10^6 2% 0.05  
221 0.8 10^8 2% 0.05  
Table F 1- fracture storage and fracture length are constant with changing permeability contrast and fracture intensity. 
Run fracture intensity k contrast Aperture contrast fracture length dual porosity 
71 0.2 10^2 2% 0.1  
71.5 0.2 10^3 2% 0.1 √ 
70 0.2 10^4 2% 0.1 √ 
72 0.2 10^6 2% 0.1 √ 
73 0.2 10^8 2% 0.1 √ 
      
 
fracture intensity k contrast Aperture contrast fracture length double porosity 
76 0.4 10^2 2% 0.1 
 
77 0.4 10^4 2% 0.1 √ 
78 0.4 10^6 2% 0.1 √ 
79 0.4 10^8 2% 0.1 
 
 
fracture intensity k contrast Aperture contrast fracture length double porosity 
82 0.6 10^2 2% 0.1 √ 
83 0.6 10^4 2% 0.1 √ 
84 0.6 10^6 2% 0.1 √ 
85 0.6 10^8 2% 0.1 
 
      
 
fracture intensity k contrast Aperture contrast fracture length double porosity 
88 0.8 10^2 2% 0.1  
89 0.8 10^4 2% 0.1  
90 0.8 10^6 2% 0.1  
91 0.8 10^8 2% 0.1  
Table F 2- fracture storage and fracture length are constant (different values) with changing permeability contrast and fracture 
intensity. 
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Run fracture intensity k contrast Aperture contrast fracture length double porosity 
100 0.2 10^2 2% 0.2  
100.5 0.2 10^3 2% 0.2  
101 0.2 10^4 2% 0.2 √ 
102 0.2 10^6 2% 0.2 √ 
103 0.2 10^8 2% 0.2 √ 
105 fracture intensity k contrast Aperture contrast fracture length double porosity 
105.5 0.4 10^1 2% 0.2 
 
106 0.4 10^2 2% 0.2 √ 
107 0.4 10^4 2% 0.2 √ 
108 0.4 10^6 2% 0.2  
109 0.4 10^8 2% 0.2  
111 fracture intensity k contrast Aperture contrast fracture length double porosity 
112 0.6 10^2 2% 0.2 
 
113 0.6 10^4 2% 0.2 √ 
114 0.6 10^6 2% 0.2 √ 
115 0.6 10^8 2% 0.2 
 
117 fracture intensity k contrast Aperture contrast fracture length double porosity 
118 0.8 10^2 2% 0.2 
 
119 0.8 10^4 2% 0.2 √ 
120 0.8 10^6 2% 0.2  
121 0.8 10^8 2% 0.2  
Table F 3- Part-3. 
Run fracture intensity k contrast Aperture contrast fracture length double porosity 
600 0.2 10^2 2% 0.3 √ 
601 0.2 10^3 2% 0.3 √ 
602 0.2 10^4 2% 0.3 √ 
603 0.2 10^6 2% 0.3 √ 
604 0.2 10^7 2% 0.3 √ 
606 fracture intensity k contrast Aperture contrast fracture length double porosity 
607 0.4 10^1 2% 
 
 
608 0.4 10^2 2% 0.3  
609 0.4 10^4 2% 0.3 √ 
610 0.4 10^6 2% 0.3 √ 
611 0.4 10^7 2% 0.3 
 
613 fracture intensity k contrast Aperture contrast fracture length double porosity 
614 0.6 10^2 2% 0.3 √ 
615 0.6 10^4 2% 0.3 √ 
616 0.6 10^6 2% 0.3 √ 
617 0.6 10^7 2% 0.3 
 
619 fracture intensity k contrast Aperture contrast fracture length double porosity 
620 0.8 10^2 2% 0.3 √ 
621 0.8 10^4 2% 0.3 √ 
622 0.8 10^6 2% 0.3 √ 
623 0.8 10^7 2% 0.3 
 
Table F 4 Part 4. 
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Run fracture intensity k contrast Aperture contrast fracture length double porosity 
350 0.2 10^2 20% 0.1  
351 0.2 10^4 20% 0.1  
352 0.2 10^6 20% 0.1  
353 0.2 10^8 20% 0.1  
355 fracture intensity k contrast Aperture contrast fracture length double porosity 
356 0.4 10^2 20% 0.1 √ 
357 0.4 10^4 20% 0.1 √ 
358 0.4 10^6 20% 0.1  
359 0.4 10^8 20% 0.1  
360 
     
361 fracture intensity k contrast Aperture contrast fracture length double porosity 
362 0.6 10^2 20% 0.1  
363 0.6 10^4 20% 0.1  
364 0.6 10^6 20% 0.1  
365 0.6 10^8 20% 0.1  
367 fracture intensity k contrast Aperture contrast fracture length double porosity 
368 0.8 10^2 20% 0.1  
369 0.8 10^4 20% 0.1  
370 0.8 10^6 20% 0.1  
371 0.8 10^8 20% 0.1  
Table F 5- Part 5 with new fracture storage of 20%. 
Run fracture intensity k contrast Aperture contrast fracture length double porosity 
520 0.2 10^2 20% 0.05 √ 
521 0.2 10^4 20% 0.05 √ 
522 0.2 10^6 20% 0.05  
523 0.2 10^8 20% 0.05  
525 fracture intensity k contrast Aperture contrast fracture length double porosity 
526 0.4 10^2 20% 0.05 
 
527 0.4 10^4 20% 0.05 √ 
528 0.4 10^6 20% 0.05  
529 0.4 10^8 20% 0.05  
531 fracture intensity k contrast Aperture contrast fracture length double porosity 
532 0.6 10^2 20% 0.05 
 
533 0.6 10^4 20% 0.05 √ 
534 0.6 10^6 20% 0.05  
535 0.6 10^8 20% 0.05  
537 fracture intensity k contrast Aperture contrast fracture length double porosity 
538 0.8 10^2 20% 0.05 √ 
539 0.8 10^4 20% 0.05 √ 
540 0.8 10^6 20% 0.05  
541 0.8 10^8 20% 0.05  
Table F 6- Part 6. 
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Run fracture intensity k contrast Aperture contrast fracture length double porosity 
400 0.2 10^2 20% 0.2 √ 
401 0.2 10^4 20% 0.2 √ 
402 0.2 10^6 20% 0.2 √ 
403 0.2 10^8 20% 0.2 √ 
405 fracture intensity k contrast Aperture contrast fracture length double porosity 
406 0.4 10^2 20% 0.2 √ 
407 0.4 10^4 20% 0.2 √ 
408 0.4 10^6 20% 0.2  
409 0.4 10^8 20% 0.2  
411 fracture intensity k contrast Aperture contrast fracture length double porosity 
412 0.6 10^2 20% 0.2 √ 
413 0.6 10^4 20% 0.2 √ 
414 0.6 10^6 20% 0.2  
415 0.6 10^8 20% 0.2  
417 fracture intensity k contrast Aperture contrast fracture length double porosity 
418 0.8 10^2 20% 0.2 √ 
419 0.8 10^4 20% 0.2 √ 
420 0.8 10^6 20% 0.2  
421 0.8 10^8 20% 0.2  
Table F 7- Part 7. 
Run fracture intensity k contrast Aperture contrast fracture length double porosity 
700 0.2 10^2 20% 0.3 
 
701 0.2 10^3 20% 0.3 
 
702 0.2 10^4 20% 0.3 √ 
703 0.2 10^6 20% 0.3 √ 
704 0.2 10^7 20% 0.3 
 
706 fracture intensity k contrast Aperture contrast fracture length 
 
707 0.4 10^1 20% 
  
708 0.4 10^2 20% 0.3 
 
709 0.4 10^4 20% 0.3 √ 
710 0.4 10^6 20% 0.3 
 
711 0.4 10^7 20% 0.3 
 
713 fracture intensity k contrast Aperture contrast fracture length 
 
714 0.6 10^2 20% 0.3 
 
715 0.6 10^4 20% 0.3 
 
716 0.6 10^6 20% 0.3 
 
717 0.6 10^7 20% 0.3 
 
718 
  
20% 0.3 
 
719 fracture intensity k contrast Aperture contrast fracture length 
 
720 0.8 10^2 20% 0.3 
 
721 0.8 10^4 20% 0.3 
 
722 0.8 10^6 20% 0.3 
 
723 0.8 10^7 20% 0.3 
 
Table F 8- Part 8. 
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Run fracture intensity k contrast Aperture contrast fracture length double porosity 
1000 0.2 10^2 40% 0.05 
 
1001 0.2 10^4 40% 0.05 √ 
1002 0.2 10^6 40% 0.05 √ 
1003 0.2 10^8 40% 0.05 
 
1005 fracture intensity k contrast Aperture contrast fracture length double porosity 
1006 0.4 10^2 40% 0.05 √ 
1007 0.4 10^4 40% 0.05 √ 
1008 0.4 10^6 40% 0.05 √ 
1009 0.4 10^8 40% 0.05 
 
1011 fracture intensity k contrast Aperture contrast fracture length double porosity 
1012 0.6 10^2 40% 0.05 √ 
1013 0.6 10^4 40% 0.05 √ 
1014 0.6 10^6 40% 0.05  
1015 0.6 10^8 40% 0.05  
1017 fracture intensity k contrast Aperture contrast fracture length double porosity 
1018 0.8 10^2 40% 0.05 
 
1019 0.8 10^4 40% 0.05 
 
1020 0.8 10^6 40% 0.05 
 
1021 0.8 10^8 40% 0.05 
 
Table F 9- Part 9 with new fracture storage of 40%. 
Run fracture intensity k contrast Aperture contrast fracture length double porosity 
800 0.2 10^2 40% 0.1 
 
801 0.2 10^4 40% 0.1 
 
802 0.2 10^6 40% 0.1 √ 
803 0.2 10^8 40% 0.1 
 
805 fracture intensity k contrast Aperture contrast fracture length double porosity 
806 0.4 10^2 40% 0.1 
 
807 0.4 10^4 40% 0.1 √ 
808 0.4 10^6 40% 0.1 
 
809 0.4 10^8 40% 0.1 
 
811 fracture intensity k contrast Aperture contrast fracture length double porosity 
812 0.6 10^2 40% 0.1 √ 
813 0.6 10^4 40% 0.1 √ 
814 0.6 10^6 40% 0.1  
815 0.6 10^8 40% 0.1  
817 fracture intensity k contrast Aperture contrast fracture length double porosity 
818 0.8 10^2 40% 0.1 
 
819 0.8 10^4 40% 0.1 
 
820 0.8 10^6 40% 0.1 
 
821 0.8 10^8 40% 0.1 
 
Table F 10- Part 10. 
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Run fracture intensity k contrast Aperture contrast fracture length double porosity 
900 0.2 10^2 40% 0.2 √ 
901 0.2 10^4 40% 0.2 √ 
902 0.2 10^6 40% 0.2 √ 
903 0.2 10^8 40% 0.2 
 
905 fracture intensity k contrast Aperture contrast fracture length double porosity 
906 0.4 10^2 40% 0.2 √ 
907 0.4 10^4 40% 0.2 √ 
908 0.4 10^6 40% 0.2 
 
909 0.4 10^8 40% 0.2 
 
911 fracture intensity k contrast Aperture contrast fracture length double porosity 
912 0.6 10^2 40% 0.2 
 
913 0.6 10^4 40% 0.2 
 
914 0.6 10^6 40% 0.2 √ 
915 0.6 10^8 40% 0.2 
 
917 fracture intensity k contrast Aperture contrast fracture length double porosity 
918 0.8 10^2 40% 0.2 
 
919 0.8 10^4 40% 0.2 √ 
920 0.8 10^6 40% 0.2 
 
921 0.8 10^8 40% 0.2 
 
Table F 11- Part 11. 
Run fracture intensity k contrast Aperture contrast fracture length double porosity 
1100 0.2 10^2 40% 0.3 
 
1101 0.2 10^3 40% 0.3 
 
1102 0.2 10^4 40% 0.3 
 
1103 0.2 10^6 40% 0.3 
 
1104 0.2 10^7 40% 0.3 
 
1106 fracture intensity k contrast Aperture contrast fracture length 
 
1107 0.4 10^1 40% 
  
1108 0.4 10^2 40% 0.3 
 
1109 0.4 10^4 40% 0.3 
 
1110 0.4 10^6 40% 0.3 
 
1111 0.4 10^7 40% 0.3 
 
1113 fracture intensity k contrast Aperture contrast fracture length 
 
1114 0.6 10^2 40% 0.3 
 
1115 0.6 10^4 40% 0.3 √ 
1116 0.6 10^6 40% 0.3 
 
1117 0.6 10^7 40% 0.3 
 
1119 fracture intensity k contrast Aperture contrast fracture length 
 
1120 0.8 10^2 40% 0.3 √ 
1121 0.8 10^4 40% 0.3 √ 
1122 0.8 10^6 40% 0.3 
 
1123 0.8 10^7 40% 0.3 
 
Table F 12- Part 12. 
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Fig.  F 13- Well test simulation results for cases 520 and 521. 
 
Fig. F 14- Well test simulation results for cases 522 and 523. 
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Fig. F 15- Well test simulation results for cases 526 and 527. 
 
Fig. F 16- Well test simulation results for cases 528 and 533. 
53 
 
 
Fig. F 17- Well test simulation results for cases 534 and 539. 
 
Fig. F 18- Well test simulation results for cases 535 and 541. 
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Fig. F 19- Well test simulation results for cases 362 and 363. 
 
Fig. F 20- Well test simulation results for cases 812 and 813. 
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Appendix G- Dual porosity window at fracture storage of 20% 
 
Fig. G 1- Plot of dual porosity window at 20 % fracture storage. 
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Appendix H- Apparent dual porosity validation 
As an example, we can see dual porosity like behaviour in the plot below, however, the semi-log does not show two parallel 
lines and some of the parameters do not match the numerical solution, so this is not actually dual porosity behaviour.  
 
Fig. H 1- Well test analysis of  realization 50 showing apparent dual porosity behavior as it can not be matched with the analytical 
solution. 
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